A B S T R A C T To investigate the role of parathyroid hormone (PTH) and(or) an intrinsic renal tubular reabsorptive defect for phosphate in mice with hereditary hypophosphatemic rickets, we performed clearance and micropuncture studies in hypophosphatemic mutants and nonaffected littermate controls. Increased fractional excretion ofphosphate in mutants (47.2 +4 vs. 30.8+2% in controls) was associated with reduced fractional and absolute reabsorption in the proximal convoluted tubule and more distal sites. Acute thyroparathyroidectomy (TPTX) increased phosphate reabsorption in both mutants and controls with a fall in fractional phosphate excretion to _7.5% in both groups indicating that PTH modified the degree of phosphaturia in the intact mutants. Absolute reabsorption in the proximal tubule and beyond remained reduced in the mutants, however, possibly because ofthe reduced filtered load. Serum PTH levels were the same in intact mutants and normals as was renal cortical adenylate cyclase activity both before and after PTH stimulation.
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To evaluate the possibility that the phosphate wasting was caused by an intrinsic tubular defect that was masked by TPTX, glomerular fluid phosphate concentration was raised by phosphate infusion in TPTX mutants to levels approaching those of control mice. Phosphate excretion rose markedly and fractional reabsorption fell, but there was no change in absolute phos- INTRODUCTION Familial hypophosphatemia or vitamin D-resistant rickets (VDRR)l is characterized by hypophosphatemia and inappropriately increased urinary excretion of phosphate. Whereas previous studies have demonstrated a defect in intestinal phosphate absorption (1, 2) , excessive urinary phosphate excretion is generally considered to be the basis for the hypophosphatemia (3).
Two hypotheses have been suggested to explain the renal phosphate wasting. First, Albright et al. (4) proposed that decreased gut absorption ofcalcium initiates a form of secondary hyperparathyroidism. Evidence in favor of this concept includes principally the demonstration of decreased gut calcium absorption (5) and the normalization of phosphate excretion in patients with VDRR when parathyroid hormone (PTH) is suppressed by calcium infusion (6) (7) (8) . Unfortunately, recent measurements of circulating PTH levels in untreated patients with this disorder have been conflicting, and mildly elevated (9) (10) (11) , normal (12) (13) (14) (15) , and low (16) values have been reported. Alternatively, VDRR may result from an intrinsic phosphate transport defect in the kidney (17, 18 been synthesized to suggest that VDRR miay be caused by a renal tubular hypersensitivity to normial levels of PTH (14) .
Eicher et al. (19) have recently described a new mutation in the laboratory milouse (C57 BL/6J) that is characterized by hypophosphatemia, dwarfism, bone disease-resembling rickets, and renial phosphate wasting. The mutant gene maps at the distal end of the X chromosome and the disorder is transmitted by sexlinked dominant inheritacice. The availability of an animal model closely resembling the huma-n disease provides a unique opportunity to characterize the nature of the phosphate-wasting defect and the role of PTH in this disorder. The present series of experiments were designed to investigate renal tubular phosphate transport by clearance and micropuncture techniques in both normal and mutant mice in the presence and absence of PTH. The data clearly demonstrate the presence of an intrinsic tubular reabsorptive defect for phosphate in a mouse model of VDRR.
METHODS

Animals
Male C57BL/6J +/Y (normal controls) and C57BL/6J HypIY (hemizygous mutants) mice were obtained from The Jackson Laboratory, Bar Harbor, Maine at 50-60 d ofage. Affected and nonaffected animals of a single litter were housed together in plastic and stainless steel cages in a sinigle room of a standard animal facility. All animals were allowed free access to tap water and a standard rodent diet (Wayne Lab-Blox, Allied Mills, Inc., Chicago) that contained 1 (20) . Calcium, phosphate, sodium, and potassiumii conicentrations were determined by electron inicroprobe analysis as described (21) . Urine calcium was mileasured by anl automated fluorometric method involving titration of a cal-
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Cowvgill, Goldfarb, Lau, Slatopolsky, and Agus cium-calcein complex with EGTA, phosphate with an AutoAnalyzer (Technicon Instruments Corp., Tarrytown, N. Y.), and sodium and potassium by flame photometry as described (21) .
Calculations
The clearance of phosphate was calculated in the usual manner with the glomerular filtrate concentration as the ultrafilterable concentration of plasma. The clearance of inulin was determined with plasma inulin concentration and the percentage of fractional excretion of phosphate was calculated as CPO4 Cin x 100, where CPO4 is clearance of phosphate and CQn is clearance of inulin. Proximal tubule phosphate reabsorption was calculated for individual mice from the mean glomerular filtrate phosphate concenitration and the fraction of filtered phosphate reabsorbed by the late proximal puncture site (1 -[(TF/GF)PO4/(TF/P)In], where TF is tubular fluid, GF is glomerular fluid, P is plasma, and In is inulin) and corrected to 100 A.l/mini glomerular filtration rate (GFR, whole kidney) (22) . The "distal nephroni" is defined as coInsisting ofthose tubular segmenits distal to the point of proximal puncture and therefore includes the last segments ofthe proximal pars convoluta, pars recta, loop of Henle, distal pars convoluta, and collecting system as well as subsurface nephrons whose reabsorptive capacity is unknown. The fraction of filtered phosphate reabsorbed in this distal nephron segment was taken as the difference between whole kidney fractional reabsorption and fractional reabsorption in the superficial proximal tubule during the same experimental periods. Absolute reabsorption in this segment was determined as above with glomerular fluid phosphate concentration and distal nephron fractional reabsorption corrected to 100 gl/min
For statistical analysis, data from individual tubules wvere averaged to provide a mean value. The means for each group of mice were compared by using the t test for independent variables (23) . Results are expressed as the mean±SENM.
In vitro procedures and PTH measurement
In five normiial and five mlutanit littermates, blood was collected from the carotid artery, rapidly centrifuged, and the plasmiia (quickly frozen. Plasmiia levels of mouse PTH were determiiined by radioimmunoassay as described (24) with an antiserum (CHAI) obtained from a cockerel immunized with bovine PTH (25) . Parathyroid hormone was detectable in 90% of normal mice with a lower limit of detectability for the antiserum of 20 pg/ml of bovinie PTH.
In separate experiments, cortical tissue of four normal miice and four mutant littermates xvas studied in vitro to determine adenylate cyclase activity and cyclic AMP production in response to synthetic 1-34,tetratricontapeptide PTH (Beckman Inistruments, Inc., Spinco Div., Palo Alto, Calif.) as described (26) .
In an additional series of studies cyclic AMP (CANIP) production in response to two doses of highlv purified bovine PTH, 1-84 was determined by equilibrium radioimmunoassay (27) in serial cortical slices from six control and six miutant mice. The slices were preincubated for 10 min at 37°C in a buffered balanced salt solution that contained bovine serum albumnin (1 mg/mlil). After additioni of PTH, iincubations wvere conitinued for 20 min and then terminated by chilling in ice water at 4°C. The medium was aspirated and adjusted to a concentration of 5% trichloroacetic acid, and then cenitrifuged kidnev slices were homogeniized in 5% trichloroacetic acid, centrifuged and the supernates oftissue and medium were combined with ether and lyophilized before radioimmunoassay. 
RESULTS
Intact mice. The electrolyte concentrations in the glomerular fluid2 (GF) are shown in Table I . GF phosphate concentration was significantly lower in the mutant mice than in normal controls (3.9±0.2 vs. 6.0±0.2 mg/dl, P < 0.001). There were no differences between the two groups in the concentration of the other electrolytes.
The clearance and micropuncture data are summarized in Table II . Inulin clearance was significantly lower in mutants thani control mice and this difference was not related to differences in age, body weight, or surface area. Fractional excretion of phosphate in the finial urine was significanitly elevated in the mutant mice (47.2±4.1%) compared to controls (30.8±2.2%), P < 0.001, despite comparable fractional excretions of sodiumii (0.20±0.02 vs. 0.31±0.05%) and potassium (17.9±1.7 vs. 17.6+0.9%), which are not shown in the table. In the proximal tubule, there was no difference in tubular fluid (TF):plasma inulin, whereas the ratio of tubular fluid/glomerular fluid phosphate concentration (TF:GF PO4) was significantly higher in the mutanit mice (1.12±0.05 vs. 0.9±0.03, P < 0.001), resulting in a decreased fractional reabsorption to the point ofpuncture of 38.8±3.0% compared to 50.2±2.7% in controls. Fig. 1 depicts the calculated rates of phosphate transport in the proximal tubule and in the distal nephron, defined above as the segments between the point of proximal puncture and the final urine. Phosphate reab- and TF/GF PO4 fell in both groups with TPTX but was reduced to significantly lower levels in the mutants (0.24+0.05 vs. 0.44±0.05, P < 0.005). As a result, fractional phosphate reabsorption to the point of puncture in the proximal tubule, although enhanced in both groups compared to intact animals, was then significantly greater in the mutants (86.6±2.8 vs. 76.4±3.0%, P < 0.025).
Absolute phosphate reabsorption, shown in Fig. 2 , was increased in the proximal tubule in both mutants and controls with TPTX and was unchanged in the distal nephron. In both segments, absolute reabsorption remained lower in mutants than in controls despite opposite changes in fractional reabsorption. This is (Table II) .
In the control TPTX, phosphate-loaded, salinieloaded mice, plasmiia calcium was 5.4±0.6 mg/dl, plasmiia phosphate 12.1±1.6 mg/dl, fractionial phosphate excretion was 19.5% (range 7.8-32.3). Thus, phosphaturia was lower than that observed in the imlutants despite volume expansion, hypocalcemia, and hyperphosphatemia. In the proximal tubule, TF:GF P04 rose and fractional phosphate reabsorption fell, both values being similar to intact mutant mice. Fig. 3 depicts the filtered load, urinary phosphate excretion, and absolute phosphate reabsorption in the proximal tubule and distal nephron in TPTX mutants with and without phosphate infusion. It is apparent that the increased filtered load produced by the phosphate infusion was excreted in the final urine. There was no difference in absolute phosphate reabsorption either in the proximal tubule or in more distal segmiients between infused and noninfused TPTX mutants. Thus despite normalization of the serumii phosphate and the absence of PTH, phosphate reabsorption remaiined significantly lower than in TPTX controls (Fig. 3, solid  circles the PTH-dependent system to extremely low levels. The enhanced fractional reabsorption in the TPTX mutant mice may be the result of the low-filtered load of phosphate presented to the normally functioning PTH-dependent system. As the reabsorptive capacity of this system is exceeded with phosphate infusion, the remainder of the tubular phosphate load is presented to the defective system and excreted in the final urine. Thus, although urinary phosphate excretion and tubular phosphate reabsorption seem to be "hypersensitive" to the removal of PTH, the data are consistent with a normal response to PTH removal in a system with a reduced base-line transport capacity. The normal levels of PTH measured in the mutant mice and the in vitro analysis of the PTH-adenylate cyclase system are also compatible with normal tubular responsiveness to PTH.
Brunette et al. (32) demonstrated increased responsiveness of the distal convoluted tubule to calcitonin induced generation of CAMP in the genetic hypophosphatemic mouse. As the defect in our studies persisted in the absence of calcitonin however, the relevance of these observations to the pathophysiology of the tubular defect remains in question.
The tubular sites of the defective transport of phosphate in hypophosphatemic mice seem to include both the proximal convoluted tubule and sites beyond the superficial proximal tubule. The precise localization of the more distal sites is not addressed by our studies. Recent data collected in isolated tubular segments from the rabbit suggest that the pars recta may be an important phosphate reabsorptive site (33) and data in the rat suggest that the distal convoluted tubule may also participate (34) . Our data suggest that the convoluted tubule of the mouse is similar to that of the rat and more responsive than that of the rabbit to PTH (33) . Differences between phosphate reabsorptive rates in superficial and deeper nephrons could also theroetically explain the apparent "distal" defect in our studies. If proximal tubules ofdeeper nephrons were characterized by a greater reduction in phosphate transport than that seen in the superficial population, the results could appear identical to those observed in our study. It should be pointed out that in these mice the influence of PTH appears limited to the proximal tubule because phosphate reabsorption beyond the site of puncture in both normal and mutant mice was not influenced by TPTX. This is in contrast to the dog (35, 36) and rat (37, 38) . In the normal mice, however, it is possible that the increase in proximal tubular transport after TPTX may have reduced the delivered load to more distal sites to a degree that limited further reabsorption. Phosphate infusion, however, did not alter transport in the TPTX mutant mice in this segment and the increase in delivered load was excreted in the final urine (Fig. 3) . Thus, it would seem that whereas the defect in phosphate transport is present in several segments of the nephron in hypophosphatemic mice, alterations in delivery out of the proximal tubule would be the major determinant of final urinary phosphate excretion. One would therefore predict that agents that enhance proximal tubular phosphate reabsorption through changes in PTH activity, to which sensitivity is maintained, such as reduction of PTH levels by surgical or chemical (calcium infusion) means, would markedly reduce phosphate excretion. In contrast, procedures that inhibit proximal tubular phosphate reabsorption, such as PTH infusion, would be associated with an exaggerated phosphaturia. Thus although the defect in transport is independent of PTH, expression of the defect would clearly be influenced by the level of circulating PTH.
Recent studies of phosphate transport in this mouse model of hereditary hypophosphatemic rickets have been performed by Tenenhouse et al. (39) . These workers have demonstrated, by the brush border membrane vesicle technique, that phosphate uptake is reduced in the brush border of the proximal tubule of these mutant, hypophosphatemic mice. These data support the concept of an intrinsic defect in tubular phosphate transport in this disorder.
In conclusion, we have presented evidence consistent with an intrinsic renal tubular abnormality in phosphate transport that is independent of PTH in mice with hereditary hypophosphatemic rickets. If the disease in mutant mice is the same as that in humans, the underlying pathogenesis would appear to involve a tubular transport defect that is unrelated to abnormalities of parathyroid gland function or target tissue sensitivity to PTH, although expression of the defect would be influenced by PTH levels. The relationship of this defect to other phosphate-transport systems, which also may be independent of PTH, such as the glucose-phosphate and sodium-phosphate pathways (40) (41) (42) , remains to be investigated. In this regard, it is interesting to note that Barbour et al. (18) and Baran et al. (43) have noted decreased phosphate reabsorption with glucose infusion in subjects with VDRR, suggesting an intact glucose-phosphate reabsorptive system. Taken together, the present studies and the reported coexistence of a specific absorptive defect for phosphate in the intestine (1, 2, 44) makes attractive the hypothesis that a single gene locus codes for a transport protein in both intestine and the kidney. Further studies in the mutant mice may allow more direct investigation of this intriguing possibility and possibly provide additional insights into the managemenit of this disease in man.
